Grand canonical Monte Carlo simulations are performed to study the adsorption of water in single-walled ͑6:6͒, ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ carbon nanotubes in the 248-548 K temperature range. At room temperature the resulting adsorption isotherms in ͑10:10͒ and wider single-walled carbon nanotubes ͑SWCNs͒ are characterized by negligible water uptake at low pressures, sudden and complete pore filling once a threshold pressure is reached, and wide adsorption/desorption hysteresis loops. The width of the hysteresis loops decreases as pore diameter narrows and it becomes negligible for water adsorption in ͑8:8͒ and ͑6:6͒ SWCNs. Results for the isosteric heat of adsorption, density profiles along the pore axis and across the pore radii, order parameter across the pore radii, and x-ray diffraction patterns are presented. Layered structures are observed when the internal diameter of the nanotubes is commensurate to the establishment of a hydrogen-bonded network. The structure of water in ͑8:8͒ and ͑10:10͒ SWCNs is ordered when the temperature is 298 and 248 K, respectively. By simulating adsorption isotherms at various temperatures, the hysteresis critical temperature, e.g., the lowest temperature at which no hysteresis can be detected, is determined for water adsorbed in ͑20:20͒, ͑12:12͒, and ͑10:10͒ SWCNs. The hysteresis critical temperature is lower than the vapor-liquid critical temperature for bulk Simple Point Charge-Extended ͑SPC/ E͒ water model.
I. INTRODUCTION
Carbon nanotubes were first observed by Iijima 1 and several methods are currently available for their production. 2, 3 Among them, the catalytic-arc method 4,5 yields single-walled carbon nanotubes ͑SWCNs͒ with a narrow pore-size distribution. Early theoretical studies predicted that SWCNs behave as either metals or semiconductors depending on the arrangement of carbon atoms; [6] [7] [8] could be used as storage devices for hydrogen; 9 may enhance chemical reactions which involve a separation of charges. 10 Other studies indicated that the electronic properties of SWCNs are sensitive to the adsorption of NO 2 ,O 2 , and NH 3 ͑Refs. 11-13͒, and that they could be used to produce one-dimensional nanowires, 14, 15 to build assemblies for controlled transport of water for nanofluidic devices, 16 and to stabilize novel crystal structures of ionic systems at temperatures at which the bulk material would be fluid. 17 However, the presence of water vapor could compromise the performance of the nanotubes.
Thus, it is crucial to understand and predict the thermodynamic behavior of water confined within SWCNs. Furthermore, the understanding of adsorption isotherms and density distributions for confined fluids is of significant relevance for the understanding of phase behavior of confined fluids 18 and biological systems such as ion channels or cellular membranes. [19] [20] [21] [22] Water adsorption in carbon matrices is known to be strongly affected by the presence and density of oxygenated groups on the carbon surfaces. [23] [24] [25] [26] [27] [28] In the absence of such groups, the adsorption of water is insignificant at pressures below the capillary-condensation pressure and it is usually accompanied by large adsorption-desorption hysteresis loops. 29, 30 This behavior results from the strong water-water associative interactions, relative to the weak carbon-water dispersive interactions. 31 As the surface density of oxygenated groups increases, water adsorption occurs at increasingly lower pressures, and as the pressure increases a continuous pore filling may occur. Müller et al. 24 and Jorge et al. 32 showed that, while the chemical nature of the oxygenated groups does not have a significant effect on the adsorption isotherms for water, their location within carbon-slit pores can significantly alter the simulated adsorption isotherms and the calculated Henry constants. Because of the small sizes that characterize carbon matrices, their peculiar morphologies, and the frequent appearance of long-lived metastable states for the adsorbed water, experimental observations can benefit by coupling to molecular simulations as a powerful tool for the investigation of adsorption phenomena.
The interest in understanding the effect of confinement on the properties of water has grown significantly in recent years, as manifested by the number of publications that we now summarize. Among available experimental results for water in carbons, Bekyarova et al. 33 reported experimental adsorption isotherms in carbon nanohorns. Their results indicate that water can be adsorbed within hydrophobic nanotubes at pressures below saturation, and that large adsorption-desorption hysteresis loops can be observed. Maniwa et al. 34 reported x-ray diffraction experiments for water adsorbed in ͑10:10͒ SWCNs in the 90-570 K temperature range. They observed that water can be adsorbed within these nanotubes at pressures below saturation, that the adsorption-desorption hysteresis loops are not detectable at temperatures above 450 K, and that confined water undergoes a structural transition to an ordered phase at temperatures below 235 K. This ordered structure does not correspond to the hexagonal ice typical for bulk water at atmospheric pressure, but it resembles the heptagonal and octagonal ice structures theoretically predicted by Koga et al. 35 In contrast to the atmospheric-pressure experiments of Maniwa et al., 34 Koga et al. 35 obtained ordered structures for confined water only when an axial pressure of 50-500 MPa was applied.
Among relevant theoretical contributions, Martí and Gordillo 36 calculated the vibrational and rotational spectra of confined liquid water at 298 K and found that significant shifts in the positions of the spectral bands are directly related to the tube radii. They also observed that confinement of supercritical water induces faster changes in the oxygen velocities compared to values for the bulk, although water diffusion is slower. 37 Brovchenko et al. 38 found that when water is confined in a hydrophobic cylindrical pore, the diffusion along the pore axis is faster than the bulk selfdiffusion. Noon et al. 39 studied systems composed of short nanotubes ͑2 nm in length͒ in water at 300 K, and found that ͑5:5͒ SWCNs are too narrow to accommodate water molecules in their interior. These authors found that water could exist within wider SWCNs and that the confined water may form hydrogen-bonded "solidlike wrapped-around ice sheets." As mentioned above, Koga et al. studied the properties of water confined in carbon nanotubes with diameters ranging from 1.1 to 1.4 nm and found an evidence of a first-order freezing transition to the hexagonal and heptagonal ice nanotubes, and a continuous phase transformation into solidlike square or pentagonal ice nanotubes. 35 Brovchenko et al. 40 studied the vapor-liquid phase envelope for water confined in cylindrical pores of radius 1.2 nm and observed that the vapor-liquid critical temperature for confined water can be 200 K lower than that of bulk water. Rivera et al. 41 studied the phase equilibria of confined water-CO 2 systems by quench molecular dynamics, and observed a pronounced layering in the liquid aqueous phase as the CO 2 pressure increases. When a cylindrical nanopore is in contact with bulk water, Giaya and Thompson 42 indicated that the density of confined water can be larger than that of bulk water when the bulk is vapor, but more interestingly that when the bulk is liquid it is possible that the density of confined water is vaporlike. Recently, our group studied water adsorption in carbonslit pores and in SWCNs at 298 K by grand canonical Monte Carlo simulations. 43, 44 In agreement with others, 24, 28, 29, 45 our results indicated that the room temperature adsorption isotherms are of type V in the International Union of Pure and Applied Chemists ͑IUPAC͒ classification. 23, 31 Pore-sieving effects were observed in carbon-slit pores narrower than 0.7 nm. 43 Adsorption isotherms simulated in SWCNs exhibited pore filling at lower pressures and narrower adsorptiondesorption hysteresis loops compared to those simulated in carbon-slit pores of similar widths. 44 In both carbon-slit pores and SWCNs water adsorption occurs via the formation and growth of clusters of hydrogen-bonded water molecules, while desorption takes place after the appearance of bubbles that disrupt the hydrogen-bonded network of adsorbed water molecules. The appearance of adsorption-desorption hysteresis loops may be a consequence of the different mechanisms followed by the system during adsorption or desorption.
Here we report results for the adsorption of water in SWCNs of several diameters in the temperature range 248-548 K. Chemical heterogeneity in the porous material and pore interconnectivity are not considered, but they will be the subject of our future work. 46, 47 By ignoring pore imperfections it is possible to modulate the pore-water interactions by adjusting the pore size. Pore-water interactions are more attractive in narrower pores, but water molecules adsorbed in narrow pores are confined in regions of limited dimensions ͑one-dimensional regions for narrow SWCNs͒. Under these circumstances, the tetrahedral hydrogen-bonded structure characteristic of liquid water is distorted, as previously observed for supercritical water confined in SWCNs, 48 and for water confined in narrow carbon-slit pores, 43 thus resulting in less favorable water-water interactions. The goal of the present work is to understand the effect of nanotube diameters on the features of simulated water adsorption isotherms. In addition to adsorption isotherms, we report the results for the limit at low coverage of the isosteric heat of adsorption, which provides macroscopic evidence of pore-water effective interactions. We are interested in characterizing the structure of water confined in SWCNs of different diameters and we discuss the density profiles, order parameters, dipole-dipole correlation functions, x-ray diffraction patterns, as well as representative simulation snapshots. We also seek to understand the effect of temperature on the structure of confined water ͑possible disorder-to-order phase transitions at low temperatures͒ and on the features of simulated adsorption isotherms, especially at high temperatures.
The remainder of the manuscript is organized as follows: in Sec. II we present the simulation algorithms employed to accomplish our goals; in Sec. III we discuss our results; in the last section we provide a brief summary of the material presented.
II. SIMULATION DETAILS
Water adsorption is simulated in ͑6:6͒, ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs. The diameters of ͑6:6͒, ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs, based on the distance between carbon-atom centers on opposite sides of the SWCN, are 0.81, 1.08, 1.36, 1.63, and 2.71 nm, respectively ͓see Fig. 1 for a schematic representation of ͑6:6͒, ͑12:12͒, and ͑20:20͒ SWCNs͔. The effective diameters available to adsorbed water molecules are somewhat less than the values just reported. Their lower bound can be estimated from the nominal diameters just reported reduced by the LennardJones diameter of one carbon atom, 0.34 nm. Simulated ͑6:6͒ SWCNs are 4.9 nm long, while all the other SWCNs are 3.7 nm long. Periodic boundary conditions are implemented along the pore axis so that the pores are effectively infinitely long. No water is allowed outside the nanotubes, thus the pores should be imagined as surrounded by vacuum.
The Simple Point Charge-Extended ͑SPC/E͒ water model 49 was chosen to describe the water molecules, i.e.,
water is represented as a sphere with the oxygen atom located in its center. The center of the sphere corresponds to the site responsible for dispersive oxygen-oxygen interactions, described by a Lennard-Jones potential. The sites representative of the hydrogen atoms are located at a distance of 0.1 nm from the oxygen site; the hydrogen-oxygen-hydrogen angle is 109.5°. Partial charges are placed on the oxygen and on the hydrogen sites. The charge on the oxygen site equals −0.8476e, while each of those located at the hydrogen sites equals +0.4238e. The water-water interaction potential is given by
͑1͒
In Eq. ͑1͒, 0 is the permittivity of vacuum ͑8.854 ϫ 10 −12 C 2 J −1 m −1 ͒ , q i is the partial charge localized on each charged site, r 12 is the distance between the centers of mass of the pair of water molecules, i indicates the molecular orientation, r ij is the distance between sites in different molecules, r WW is the distance between oxygen sites in the pair of water molecules, and WW and WW are the corresponding Lennard-Jones energy and size interaction parameters ͑see Table I͒ .
Each carbon atom in the system is represented as a Lennard-Jones sphere whose interaction parameters were taken from Steele. 50 The carbon-water interaction potential u WC is given by
͑2͒
In Eq. ͑2͒ r WC is the distance between the oxygen in the water molecule and the carbon atom. The Lennard-Jones parameters for the unlike interactions, WC and WC , are obtained from the water-water and carbon-carbon parameters ͑see Table I͒ by the Lorentz-Berthelot combining rules:
͑3͒
The potential energy of a water molecule within the pore is given by the sum of its interactions with the carbon sites in the pore wall, plus those with other water molecules. The pore-water potential is obtained by explicitly considering each carbon-water pair interaction. Water-water interactions were treated with a spherical cutoff at 1.0 nm. Results for the selected systems were reproduced using the original cutoff for the SPC/E model for water, 0.9 nm, 49 and no appreciable difference was observed. For computational efficiency a grid was built to account for dispersive solid-water interactions with spacing of 0.02 nm, and a linear interpolation was used to compute the values between the points in the grid.
The grand canonical Monte Carlo ͑GCMC͒ method [51] [52] [53] was used to simulate water adsorption, i.e., volume, temperature, and adsorbate chemical potential were kept constant. The number of adsorbate molecules was allowed to fluctuate, as well as the location and the orientation of each adsorbed molecule within the pore. Trial moves, randomly chosen with equal probability to ensure microscopic detailed balance, were translation, rotation, insertion, and deletion of water molecules. The maximum translation vector was automatically adjusted to obtain an acceptance ratio of about 0.35. The molecular orientations of water and corresponding rotations were described in terms of quaternions. 52 No limitation was imposed on the maximum rotational angle, resulting in an acceptance ratio of 0.20 for the rotation trial moves.
Equilibration runs as long as 5 ϫ 10 8 trial moves were required, after which the production phase involved up to 4 ϫ 10 9 trial moves. The largest systems simulated comprised 1200 carbon atoms and Ϸ500 adsorbed water molecules. The number of accepted insertion/deletion trial moves ensured that each water molecule confined within the nanotubes was substituted at least 10 000 times during a typical simulation run.
For the adsorption path of the isotherms, to mimic experimental procedures, the pores were first considered empty. Simulation runs were performed at increasing chemical potentials, and the resulting configurations at the specified conditions were used to initiate the subsequent calculations at higher chemical potentials. Desorption cycles were initiated with a typical configuration of a filled pore, and subsequently, the chemical potential was reduced until the pores were emptied from previously confined water. The method introduced in Ref. 24 was adopted to obtain the reduced pressure of the bulk phase in equilibrium with the adsorbate at various chemical potentials. This method relies on the calculation of density and chemical potential of the saturated bulk vapor phase at each temperature. We repeated our GCMC simulations in a cubic box of size 3.0 nm in which no carbon atoms are present and in which the periodic image convention is applied in the three directions. 43 We started our simulations from an empty box and we gradually increased the chemical potential until the liquid phase was obtained. We considered as the saturated vapor phase the system with the highest chemical potential at which the density of water was vaporlike. It has been pointed out that, because of the limitations of the GCMC algorithm, our method underpredicts the bulk relative pressures, thus our adsorption isotherms should be shifted somewhat towards larger pressures. 54 Consequently, our method for the prediction of bulk relative pressures is semiquantitative, but it should be noted that if a more quantitative prediction of water adsorption isotherms is required, more sophisticated carbon-water interaction potentials should be used. 55 Most simulated adsorption isotherms exhibit adsorptiondesorption hysteresis loops, in analogy with experimental measurements for water adsorption in carbons. 26, 31 Sarkisov and Monson showed that, for Lennard-Jones fluids adsorbed in silica-based materials, the GCMC method yields results that agree with those obtained by the grand canonical molecular dynamics algorithm, which in turn reproduces the mechanism of adsorption and desorption that occurs in experiments. They concluded that the appearance of hysteresis loops in adsorption isotherms for Lennard-Jones fluids in mesopores is a manifestation of long-lived metastable states for the confined system. 56, 57 Similar calculations have yet to be performed for water in carbons. Because of the strongly associating water-water interactions the conclusions reached in the case of Lennard-Jones fluid adsorption may not hold for water adsorption. The amount of adsorbed water, as a function of pressure, is reported in terms of surface coverage defined as the number of adsorbed water molecules per square nanometer of porous surface. The porous ͑geometrical͒ surface area was calculated as DH, where D is the SWCN diameter, computed as the distance between opposite carbon atoms across the diameter, and H is the pore length, 3.7 or 4.9 nm in the cases presented here.
The isosteric heat of adsorption was computed according to the expression:
where N is the total number of adsorbed water molecules, U is the system configurational internal energy, k is the Boltzmann constant, and the angular brackets denote ensemble averages.
The oxygen-and hydrogen-atom axial density profiles were computed as
In Eq. ͑5͒, subscript i is either for oxygen or hydrogen, D is the SWCN diameter, dz is the width of the pore slab considered along the pore axis to compute the local density, N i is the number of adsorbed atoms i, and N i z is the number of atoms i adsorbed in the slab comprised between the axial coordinates z and z + dz.
The radial density profiles were computed as
where R is the radial distance from the pore axis and d⌫ is the surface of the annulus considered to compute the oxygenand hydrogen-atom densities.
The order parameters S and T across the pore diameter were computed as
In Eqs. ͑7͒ and ͑8͒ and are the angles between the dipole moment of the water molecule and the direction of the pore axis and of the pore radius, respectively. When the water dipoles are parallel to the pore axis S equals 1; when the dipoles are perpendicular to the pore axis S equals −0.5. When the water dipoles are parallel to the pore radius T equals 1, when they are perpendicular to the pore radius T equals −0.5. Three ordered states are possible for confined water molecules: when the dipole moments are parallel to the pore axis and perpendicular to the pore radius S equals 1 and T equals −0.5; when the dipoles are perpendicular to the pore axis and to the pore radius S and T both equal −0.5; when the dipoles are perpendicular to the pore axis and parallel to the pore radius S equals −0.5 and T equals 1. The dipole-dipole correlation function as a function of the center-to-center separation between confined water molecules was computed as
where ␦ is the angle formed by the dipole moments of the water molecules separated by the center-to-center separation r. When ␥͑r͒ equals 1 the dipole moments are parallel, when it equals −1 they are antiparallel. When there is no correlation between the orientation of the dipole moments separated by r , ␥͑r͒ =0.
Following Gnutzmann and Vogel, 58 the structure of confined water was characterized for selected simulation snapshots by the use of the Debye function:
In Eq. ͑10͒ the intensity I of the diffracted coherent radiation is a function of the length of the vector in reciprocal space ͓b = 2 sin͑ / ͔͒ , is the wavelength of the incident light, is the Bragg angle, r nm is the separation between atoms n and m. The functions f n ͑b͒ and f m ͑b͒ are the atomic scattering amplitudes for the atoms n and m. Debye-functional analyses are routinely used to infer the structure of catalytic nanoparticles from the available experimental x-ray diffraction patterns. 60 Only the positions of confined oxygen atoms were used here to compute the diffraction patterns. Values for the atomic scattering amplitudes for molecular oxygen were obtained from Cromer and Mann. 61 The wavelength of the incident light was considered equal to that of synchrotron radiation ͑0.10 nm͒ to compare with the available experimental data.
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III. RESULTS AND DISCUSSION
A. Adsorption isotherms at 298 K
In Fig. 2 we report the simulated adsorption isotherms for water in ͑6:6͒, ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs at 298 K. Adsorption isotherms simulated in ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs are of type V in the IUPAC classification, 23, 31 characterized by negligible water uptake at low pressures, sudden and complete pore filling once a threshold pressure is reached, and wide adsorptiondesorption hysteresis loops. No hysteresis can be observed for water adsorption in ͑6:6͒ and in ͑8:8͒ SWCNs at this temperature, and the amount of water adsorbed in ͑6:6͒ SWCNs increases gradually as pressure increases. As noted previously, 44 the capillary-condensation pressure and the width of the adsorption-desorption hysteresis loops decrease with decreasing pore diameter for ͑8:8͒ and larger SWCNs. A pore-sieving effect was observed for water adsorbed in ͑6:6͒ SWCNs, e.g., the pressure at which the ͑6:6͒ SWCNs fill is larger than that at which ͑8:8͒ SWCNs fill, in analogy with the results for water adsorption isotherms simulated in carbon-slit pores, 43 and in qualitative agreement with the simulation results reported by Noon et al. 39 who showed that water molecules cannot be accommodated within ͑5:5͒ SWCNs.
In Fig. 3 we report the isosteric heat of adsorption at low coverage, q st , for water adsorbed in ͑6:6͒, ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs. Values for q st obtained after pore filling ͑not shown for brevity͒ exceed the value expected from the enthalpy of liquefaction for SPC/ E water ͓48.8 kJ/ mol ͑Ref. 62͔͒ because the SWCNs considered here are very narrow, as observed previously for both narrow carbon-slit pores 43 and SWCNs. 44 The limit at zero coverage for q st increases as pore diameter decreases. Considering that large positive values for q st indicate strong pore-water attractions, our results indicate that when the pore diameter decreases pore-water interactions become more attractive.
To assess the validity of this physical interpretation of our simulation results, in Fig. 4 we plot the energy profiles for a single water molecule adsorbed within ͑6:6͒, ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs as a function of the radial position. These profiles represent the averages obtained for several different positions along the pore axis. Pore-water potentials shown in Fig. 4 , combined with the results for q st shown in Fig. 3 , indicate that a water molecule is more strongly attracted within narrow cylindrical pores than within larger ones. However, as the diameter increases the degree of confinement increases and water molecules adsorbed within ͑6:6͒ SWCNs assume an effective onedimensional structure. Because of the high degree of confinement, water-water interactions contribute less to q st compared to the situation where water is adsorbed within cylindrical pores of larger diameter. For this reason q st increases more slowly as surface coverage increases when water is adsorbed within ͑6:6͒ SWCNs compared to when it is adsorbed within ͑8:8͒ or larger SWCNs.
B. Structure of confined water
To better appreciate the effect of confinement upon the structure of confined water, in Fig. 5 we report results for the oxygen-and hydrogen-atom radial density profiles for water confined in ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs before and after pore filling at 298 K. In agreement with other reports, 20, 35, 39 we find that the structure of confined water strongly depends on the diameter of the confining SWCNs. Before pore filling our results suggest that water molecules preferentially adsorb in proximity of the pore wall. However, the amount of water adsorbed at these conditions is not sufficient to form adsorbed monolayers. When the pores are very narrow ͓see the results for water in ͑8:8͒ SWCNs, Fig.  5͑a͔͒ water molecules are virtually adsorbed in all the positions available within the tube even before pore filling. The hydrogen-atom radial density profiles obtained for water adsorbed in SWCNs before pore filling differ from those obtained for water adsorbed in carbon-slit pores ͑see Fig. 9 in Ref. 43͒ . The results shown here ͓Figs. 5͑a͒, 5͑c͒, 5͑e͒, and 5͑f͔͒ suggest that the hydrogen atoms of the first adsorbed water molecules, especially in the narrower pores, face the interior of the pore, thus facilitating hydrogen bonds with subsequently adsorbed water molecules. This qualitative observation may explain the mechanism behind the faster increase of the isosteric heat of adsorption in ͑8:8͒ and wider SWCNs as coverage increases compared to that for water confined in carbon-slit pores ͑see also Ref. 44͒ .
As noted previously, 28, 32, 43, 44 as soon as a cluster of water molecules forms that spans the whole pore diameter, the pores suddenly and completely fill. After the pores fill, the structure of confined water at 298 K strongly depends on the diameter of the hydrophobic nanopores. When water is confined in ͑6:6͒ SWCNs ͑results not shown for brevity͒ a onedimensional chain of hydrogen-bonded molecules is obtained. When water is adsorbed in ͑8:8͒ SWCNs ͓Fig. 5͑b͔͒ we observe the formation of one adsorbed monolayer. The hydrogen-atom radial density profile indicates that hydrogenbonded interactions stabilize this layered structure. When water is confined in ͑10:10͒ SWCNs ͓Fig. 5͑d͔͒ we observe the formation of one adsorbed monolayer in contact with the carbon surface and a chain of water molecules confined within the first adsorbed water monolayer. When water is confined in ͑12:12͒ SWCNs ͓Fig. 5͑f͔͒ our results predict the formation of two monolayers possibly stabilized by hydrogen bonds as suggested by the elevated hydrogen-atom density in the region between the monolayers. When water is confined in ͑20:20͒ SWCNs ͓Fig. 5͑h͔͒ there is the formation of two adsorbed monolayers while water confined deeper within the tube does not show pronounced layered structure.
To visualize the results just discussed, representative snapshots for water confined in ͑6:6͒, ͑8:8͒, ͑10:10͒, and ͑12:12͒ SWCNs at 298 K after pore filling are reported in Fig. 6 . A visual inspection of the snapshots suggests that water maintains fluidlike properties when confined in ͑10:10͒, ͑12:12͒, or ͑20:20͒ SWCNs ͓results for water confined in ͑20:20͒ SWCNs are not shown here for brevity, but can be found in Ref. 44͔ while a significant ordering is observed when water is confined within ͑8:8͒ SWCNs. The structure obtained for water confined within ͑8:8͒ SWCNs appears more ordered compared to that found by Mashl et al. 20 We conjecture that a likely source for the mentioned 
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Water in carbon nanotubes J. Chem. Phys. 122, 234712 ͑2005͒ cal systems ͑see, for example, Refs. 64 and 65͒. This structure implies that the number of hydrogen bonds per water molecule is significantly less than the number of hydrogen bonds that a water molecule can establish in bulk liquid or when it is confined in larger pores. This behavior results in an effective loss of energy upon adsorption that is manifested in the pore-sieving effect discussed in Fig. 2 , and in the slower increase of q st as surface coverage increases discussed in Fig. 3 , even though results for the limit q st at zero coverage ͑Fig. 3͒ indicate that a single water molecule is strongly attracted within a ͑6:6͒ SWCNs ͑see also Fig. 4͒ . The radial dependence of the order parameters S and T are shown in Fig. 7 for water confined in ͑6:6͒, ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs after pore filling at 298 K. Results for water in ͑20:20͒ SWCNs indicate that there is minimal ordering of confined water, except for water in the first two adsorbed monolayers. Our results suggest that the molecules in contact with the carbon surface have a tendency to orient their dipole moments parallel to the pore walls, and then the water molecules in contact with the first adsorbed monolayer tend to orient their dipole moment perpendicular to the pore walls. This relative orientation of the water molecules presumably maximizes the number of hydrogen bonds. The tendency of confined water to form layered ordered structures is accentuated for the case of ͑12:12͒ SWCNs because the degree of confinement is larger, and thus confined molecules show a larger propensity for a structurally ordered organization compared to results obtained in larger pores. When water is confined in ͑10:10͒ SWCNs, water molecules belonging to either the first adsorbed monolayer or to the center of the nanopore tend to orient their dipole moments parallel to the pore walls, while those water molecules belonging to the region in between the first adsorbed monolayer and the center of the nanopore tend to orient their dipole moment perpendicular to the pore walls. When water molecules are confined within ͑8:8͒ or ͑6:6͒ SWCNs, they orient their dipole moments almost parallel to the pore walls, so that they can form chains of hydrogenbonded molecules, as pictured in Fig. 6 .
C. Order-disorder phase transitions
To assess the effect of lowering the temperature on the properties of confined water ͑we were particularly interested in eventual disorder-to-order phase transitions͒, we computed additional adsorption isotherms for water in ͑8:8͒, ͑10:10͒, and ͑12:12͒ SWCNs in the temperature range 248-273 K. Results for the adsorption isotherms are not reported here for brevity, since they present features similar to the adsorption isotherms presented in Fig. 2 . However, we report the corresponding structural results of confined water at temperatures below room temperature. Oxygen-and hydrogenatom radial density profiles and oxygen-atom axial density profiles are displayed in Fig. 8 for water confined in ͑8:8͒ SWCNs at 273 K and for water confined in ͑10:10͒ and in ͑12:12͒ SWCNs at 248 K. The results reported refer to the structure of water after pore filling. Although we did not estimate the pressure at which these structures were obtained, the number of confined water molecules did not change appreciably if compared with those for water adsorbed in SWCNs after pore filling ͑Figs. 5 and 6͒; thus the results shown here correspond to an experiment in which carbon pores are first filled with liquid water at ambient conditions, and then cooled to lower temperatures. Results obtained for water in ͑8:8͒ SWCNs at this temperature are similar to those obtained at 298 K ͑see Fig. 5͒ ; in addition the oxygen-atom axial density profile ͓Fig. 8͑b͔͒ indicates a significant ordering along the pore axis. To obtain an ordered structure for water confined in ͑10:10͒ SWCNs it was necessary to lower the temperature to 248 K ͓Figs. 8͑c͒ and 8͑d͔͒. The radial density profiles indicate that at these conditions the first adsorbed monolayer is separated from the chain of water molecules in the inner chain ͑the oxygen-atom radial density profile equals zero in the region between the first adsorbed monolayer and the interior chain͒. Results obtained for water confined within ͑12:12͒ SWCNs at 248 K ͓Figs. 8͑e͒ and 8͑f͔͒ suggest that a disorder-to-order phase transition has not occurred yet. These observations are summarized in Fig. 9 where representative snapshots are shown for water confined in ͑8:8͒ SWCNs at 273 K, and for water confined in ͑10:10͒ and ͑12:12͒ SWCNs at 248 K. An ordered cubic water nanotube was obtained within ͑8:8͒ SWCNs, while an octagonal water nanotube containing a chain of hydrogen-bonded water molecules was obtained in ͑10:10͒ SWCNs. Visual analysis of the configuration obtained for water confined in ͑12:12͒ SWCNs does not suggest long-ranged ordering even when the temperature is lowered to 248 K.
The cubic and octagonal quasi-one-dimensional water nanotubes that are shown in Fig. 9 are similar to the theoretical predictions by Koga et al. 35, 66 for the cubic and the octagonal ice and to the octagonal ice hypothesized by Maniwa et al. 34 for water confined within ͑10:10͒ SWCNs at 235 K.
FIG. 8. Atomic density profiles across the pore diameter and along the pore axis for water confined in ͑8:8͒ SWCNs at 273 K ͓͑a͒ and ͑b͔͒, ͑10:10͒ SWCNs at 248 K ͓͑c͒ and ͑d͔͒, and ͑12:12͒ SWCNs at 248 K ͓͑e͒ and ͑f͔͒. Results are shown after pore filling. Gray lines are for oxygen-atom density profiles and black lines are for hydrogen-atom density profiles.
The nearest-neighbor distances in all structures obtained here are comprised between 0.27 and 0.28 nm, in agreement with results of Koga et al. 35 The cubic water nanotube observed within ͑8:8͒ SWCNs shows the structural organization described by Koga et al., even though the peak in the oxygen atom density profile across the pore diameter is located at Ϸ0.2 nm from the center ͑see Figs. 5 and 8͒, whereas that found by Koga et al. for water in hydrophobic nanotubes of diameter 1.1 nm is located at Ϸ0.3 nm from the center at 320 K and at Ϸ0.28 nm at 240 K. 35 These discrepancies are probably due to small differences in the pore-water interaction potentials ͑the hydrophobic nanotubes used by Koga et al. are cylindrical cavities without the atomistic details employed in this work͒. Other small differences, apparent from visual comparison between the simulation snapshots reported here and those reported in Refs. 35 and 66 are due to thermal fluctuations, absent in the results reported by Koga et al. because those snapshots correspond to the lowest-energy structures. However, our results for water confined in ͑10:10͒ SWCNs at 248 K indicate that in addition to the octagonal water nanotube formed in contact with the carbon surface, a chain of hydrogen-bonded water molecules is confined within the unit cell of the octagonal water nanotube. A structure similar to that predicted by Koga et al. 66 was found only during desorption of water from a previously filled ͑10:10͒ SWCNs at 248 K ͑results not shown here for brevity͒. The structure predicted by our GCMC simulations for water confined in ͑10:10͒ SWCNs at low temperatures agrees with recent neutron scattering experiments and molecular dynamics calculations by Kolesnikov et al. 67 To characterize further the structural properties of confined water, we computed the dipole-dipole correlation functions for water confined within ͑6:6͒, ͑8:8͒, and ͑10:10͒ SWCNs at 298 K and for water confined within ͑8:8͒ and ͑10:10͒ SWCNs at 248 K. The resulting dipole-dipole correlation functions are shown in Fig. 10 and indicate a longrange correlation between the dipole moments of water molecules confined within ͑6:6͒ SWCNs at 298 K. At this temperature, an increase of the pore diameter decreases the range of dipole-dipole correlation. The dipole moment of water confined within ͑8:8͒ SWCNs shows a slowly decaying correlation, while that for confined water within ͑10:10͒ SWCNs is limited to the next neighbors. When the temperature is reduced to 248 K water molecules confined in ͑8:8͒ SWCNs show a longer range dipole-dipole correlation function than that for 298 K, suggesting a higher degree of ordering for the confined water molecules, as suggested by the snapshots shown in Fig. 9 and by the density profiles shown in Fig. 8 . Results for the dipole-dipole correlation function obtained for water confined in ͑10:10͒ SWCNs at the two temperatures considered do not differ appreciably from each other.
To allow the molecular-based interpretation of available experimental results, we simulated the x-ray diffraction pattern for water confined in ͑12:12͒, ͑10:10͒, and ͑8:8͒ SWCNs at 298, 273, and 248 K ͓for water confined within ͑8:8͒ SWCNs x-ray diffraction patterns were simulated at 348, 298, and 273 K͔. The simulated patterns are shown in Fig.  11 . When water is confined within ͑12:12͒ SWCNs ͓Fig. 11͑a͔͒ the x-ray diffraction patterns obtained at different temperatures suggest some ordering upon cooling ͑see peaks at 2 = 22°͒ especially when the temperature is below 273 K. However, intense peaks representative of crystalline ordering do not appear in the diffraction results. When water is confined within ͑10:10͒ SWCNs ͓Fig. 11͑b͔͒, some ordering is observed when the temperature is reduced from 298 to 273 K ͑see small peaks at about 2 = 13°, peak shifting and appearing in the region from 2 = 20°to 2 = 27°͒, but the structure is not formed until the temperature is reduced to 248 K. At these latter conditions a broad peak appears at 2 = 10°and a narrow but intensive peak grows at 2 = 22°, clearly indicating the occurrence of a disorder-to-order phase transition. A similar transition occurs when the temperature is reduced from 348 to 298 K for water confined within ͑8:8͒ SWCNs ͓Fig. 11͑c͔͒. In this latter case the x-ray diffraction patterns obtained at 298 and at 273 K are indistinguishable from each other. Due to strong confinement, the structure of water within ͑8:8͒ SWCNs differs significantly from those observed in ͑10:10͒ and ͑12:12͒ SWCNs. For instance, the peaks at 2 Х 7°͓Fig. 12͑a͔͒ or 2 Х 10°͓Fig. 11͑b͔͒ cannot be observed for water confined within ͑8:8͒ SWCNs. Recently Morishige and Iwasaki reported experimental x-ray diffraction patterns for water confined in partially filled silica cylindrical pores of radius 3.9 nm. 68 At temperatures below 260 K they observed freezing of the confined water. Their reported diffraction patterns for frozen confined water differ significantly from ours, and suggest the formation of hexagonal ice. This is not unexpected, since the diameter of the pores used by Morishige and Iwasaki is significantly larger than those considered here, and consequently, the structure of confined ice should be similar to that found in bulk ice. To allow comparison between the structures obtained from our GCMC simulations for confined water with those for known crystalline structures, we report in Fig. 12 the simulated x-ray diffraction patterns obtained for a perfect close-packed hexagonal lattice structure, a perfect cubic lattice structure, and a perfect octagonal nanotube, respectively, together with the results just discussed for water confined within ͑8:8͒ SWCNs at 273 K and within ͑10:10͒ SWCNs at 248 K. The perfect crystal lattices and the perfect nanotube were obtained by imposing a center-to-center distance between nextneighbor oxygen atoms equal to the first peak of the oxygenoxygen radial distribution function obtained for confined water ͑0.28 nm, results not shown here for brevity͒. To facilitate the comparison with the available experimental data, the intensity of the diffracted radiation is plotted in Fig. 12 as a function of the amplitude of the scattering vector Q =4 sin͑ / ͒. In Fig. 12 we also report the location of the peak observed by Maniwa et al. 34 for water confined within ͑10:10͒ SWCNs and attributed to the formation of ice nanotubes at temperatures below 235 K.
A visual inspection of the results suggests that none of the ordered structures we found for confined water resembles the close-packed hexagonal lattice crystal, while the structure of water confined in ͑8:8͒ SWCNs at 248 K is clearly a cubic water nanotube and that of water confined in ͑10:10͒ SWCNs at 248 K is an octagonal water nanotube, as also suggested by experimental results by Maniwa et al. 34 Small shifts in the peak positions, that indicate different sizes for the unit cells and/or different spacing between atoms, are due to hydrogen bonds, responsible for imperfections in the structure of confined water, and to the fact that confined water is a quasione-dimensional and not a tridimensional structure.
D. Adsorption isotherms at large temperatures
In Fig. 13 we report representative simulated wateradsorption isotherms in ͑12:12͒ and ͑20:20͒ SWCNs at 298, 373, 423, and 498 K. Our simulations predict that as the temperature rises the size of the hysteresis loops becomes smaller and the relative pressure at which pores fill becomes larger. This behavior is in qualitative agreement with both experiment and simulation of simple fluids 69 and water. 26, 31, 70 By simulating adsorption isotherms at increasing temperatures we obtained the hysteresis critical temperature for water adsorbed in SWCNs. Our simulation results indicate that the hysteresis critical temperature, defined as the lowest temperature at which no hysteresis can be detected, is 543± 10, 443± 10, and 368± 5 K when SPC/E water is adsorbed in ͑20:20͒, ͑12:12͒, and ͑10:10͒ SWCNs, respectively. Experimental results indicate that reversible adsorption isotherms are obtained for water in ͑10:10͒ SWCNs at 450 K, 34 in reasonable agreement with our findings. For comparison, the vapor-liquid coexistence curve for bulk SPC/E water is Ϸ635 K.
71
IV. CONCLUSIONS
Grand canonical Monte Carlo simulations were used to study water adsorption in ͑6:6͒, ͑8:8͒, ͑10:10͒, ͑12:12͒, and ͑20:20͒ single-walled carbon nanotubes in the temperature range 248-548 K. The 298 K adsorption isotherms exhibit the typical features of the type V adsorption isotherms in the IUPAC classification, the water uptake is negligible at low pressures; pores suddenly and completely fill once a threshold pressure is reached; the adsorption-desorption loops are characterized by wide hysteresis. The width of the hysteresis loops decreases as pore diameter narrows. Adsorption isotherms simulated in ͑6:6͒ and ͑8:8͒ SWCNs at 298 K do not show adsorption-desorption hysteresis loops, and the water uptake in ͑6:6͒ SWCNs is gradual as the pressure increases. For water adsorbed within ͑20:20͒, ͑12:12͒, ͑10:10͒, and ͑8:8͒ SWCNs the relative pressure at which pores fill at 298 K decreases as the pore diameter decreases. Adsorption isotherms simulated in ͑6:6͒ SWCNs at 298 K show a poresieving effect ͓͑6:6͒ SWCNs fill at pressures larger than those at which ͑8:8͒ SWCNs do͔.
The structure of confined water depends on the diameter of the SWCNs. Radial density profiles obtained at 298 K indicate a pronounced layered structure when water is confined within ͑12:12͒, ͑10:10͒, and ͑8:8͒ SWCNs. Water confined in ͑6:6͒ SWCNs at 298 K forms one-dimensional hydrogen-bonded chains in which each water molecule receives one hydrogen from the preceding molecule and donates one hydrogen to the following molecule along the chain. A high degree of confinement for water adsorbed within ͑8:8͒ and ͑10:10͒ SWCNs induces a disorder-to-order phase transition to cubic ͓water in ͑8:8͒ SWCNs͔ or octagonal ͑water in ͑10:10͒ SWCNs͒ water nanotubes at 298 and 248 K, respectively. The x-ray diffraction patterns support our findings.
Our results for water adsorption isotherms in ͑10:10͒, ͑12:12͒, and ͑20:20͒ SWCNs in the 298-548 K temperature range indicate that the width of the hysteresis loop decreases as temperature rises, and that the relative pressure at which pores fill increases as temperature increases. The hysteresis critical temperature is found to be 543± 10, 443± 10, and 368± 5 K for water adsorbed in ͑20:20͒, ͑12:12͒, and ͑10:10͒ SWCNs, respectively.
